A 10.5-kilobase PstI endonuclease fragment encoding the entire BacUlus subtlis pyrimidine biosynthetic (pyr) gene cluster was cloned in Escherichia coli by transformation of a carB strain to uracil-independent growth. The cloned fragment also complemented E. coli pyrB, pyrC, pyrD, pyrE, and pyrF mutants. From the ability of subclones to complement E. coli pyr mutants, the gene order was deduced to be pyrBCADFE. The B. subtilis pyrB gene was shown to be expressed in E. coli, but synthesis of the enzyme was not repressible by the addition of uracil to the growth medium. The approximate molecular weights of the polypeptides encoded by B. subtilis pyrA, pyrB, pyrC, pyrD, pyrE, and pyrF were found to be 110,000, 36,000, 46,000, 34,000, 25,000, and 27,000, respectively.
The six pyr genes encoding enzymes of de novo pyrimidine nucleotide biosynthesis have been shown to map in a cluster in Bacillus subtilis (20) . Expression of these genes is repressed by pyrimidines (20) and appears to be coordinately regulated (16) . It is not known whether all or some of the genes are organized into an operon, and little is known about the biochemical mechanisms governing repression. In addition to nutritional regulation of pyr gene expression, at least one of these genes, pyrB, which encodes aspartate transcarbamylase, is regulated developmentally. That is, aspartate transcarbamylase synthesis is rapidly shut off at the onset of sporulation in B. subtilis in a process that appears to be distinct from repression by pyrimidines (11) . The biochemical mechanism of this regulation is also unknown. Regulation of pyr gene expression has been much more extensively studied in Escherichia coli and other enteric bacteria (13) . In this case the pyr genes are scattered around the chromosome and are not coordinately repressed, so the detailed mechanisms of regulation are clearly different from those in B. subtilis.
In this report we describe the cloning of the B. subtilis pyr gene cluster and the determination of the arrangement of the individual pyr genes within it. The sizes of the polypeptides encoded by the B. subtilis pyr genes were also determined by examining the protein products encoded by appropriate plasmid-bome subcloned fragments of the pyr gene cluster.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains used in this study are listed in Table 1 . Plasmid pLS1 was obtained by transformation of E. coli carB (pyrA in B. subtilis) JL2946 to uracil-independent growth on minimal M9 medium (12) plus 50 pug of arginine per ml with a library of B. subtilis chromosomal DNA in a pBR322 (2) plasmid cloning vector. The library was prepared by ligation of PstI-digested B.
subtilis JH861 chromosomal DNA with PstI-digested and alkaline phosphatase-treated pBR322.
pLS2, pLS3, and pLS4 were constructed by digestion of pLS1 with ClaI, religation, and transformation of E. coli JL2946 to tetracycline (15 jig/ml) resistance on modified Luria broth (12) . * Corresponding author. pLS210 and pLS201.5 were subcloned from pLS3 by digestion with HindIII, followed by ligation with HindIIIdigested and alkaline phosphatase-treated pUC13, and transformation of E. coli pyrB mutant TB2 to uracil-independent growth and ampicillin (40 ,g/ml) resistance. pLS300.6 (pyrB+ pyrC+) was constructed from pLS201.5 (pyrB+ pyrC), which contained the same HindIII fragments, by digestion with HindIll, religation, and transformation of E. colipyrC mutant X7014a to uracil prototrophy and ampicillin resistance. pLS101 was subcloned from pLS1 by partial digestion of pLS1 with HindIII and ligation of the fragments with HindIII-digested and alkaline phosphatase-treated pUC13 (24), followed by transformation of E. coli JL2946 to uracil prototrophy and ampicillin resistance. pSS100 was constructed by ligation of EcoRI-digested Xpyr DNA (6) with EcoRI-digested and phosphatase-treated pUC13. The ligation mixture was used to transform E. coli JM83 to tetracycline resistance on rich plates that contained isopropylthio-p-galactoside (0.2 mM) and 5-bromo-4-chloro-3-indoxyl-,3-D-galactoside (20 ,g/ml). White colonies were screened for the presence of the 6.3-kilobase (kb) EcoRI fragment in pUC13 by small-scale plasmid isolation, digestion with EcoRI, and agarose gel electrophoresis of the digestion products. The isomer pSS101 of pSS100 containing the 6.3-kb EcoRI fragment in the opposite orientation was constructed by digestion of pSS100 with EcoRI and religation. The ligation mixture was used to transform E. coli KL181 (pyrD) to uracil-independent growth and ampicillin resistance.
pSS118.23 and pSS110 were derived from pSS100 by partial digestion with HindIII and religation. Transformants of strain JM83 with this ligation mixture were selected on modified Luria broth plus ampicillin. Small-scale plasmid isolation, digestion with HindIII, and agarose gel analysis identified subclones containing various combinations of HindIll fragments. The orientation of the fragments in the subclones of interest was determined by restriction endonuclease analysis based on the restriction map shown in Fig. 1 . pSS106 and pSS116 were constructed in a similar manner, except that HindIII-digested and alkaline phosphatasetreated pUC13 was included in the ligation reaction, and the selective media included 5-bromo-4-chloro-3-indoxyl-P-Dgalactoside. White colonies were chosen for plasmid analysis. pSS200 and pSS201 were constructed by digestion of pLS1 with SphI, isolation of the 2.6-kb fragment by electroelution, and ligation of SphI-digested and alkaline phosphatase-treated pUC19 (14) . E. coli AT2538 (pyrE) was transformed with the ligation mixture, and selection was for uracil prototrophy on solid minimal media plus ampicillin.
RESULTS
Cloning of the B. subtilis pyr gene cluster. Plasmid pLS1 was obtained from a Ura+, tetracycline-resistant transformant that was generated by complementation of an E. coli carB strain with a library of PstI-digested B. subtilis DNA, which was ligated into the PstI site of pBR322. The plasmid contained an approximately 10.5-kb PstI restriction fragment of DNA from B. subtilis JH861 (trpC2 urs-l) inserted into the vector. B. subtilis JH861, which lacks the argininerepressible carbamylphosphate synthestase (17) , was chosen as the DNA donor, so that only the gene for the pyrimidinerepressible carbamylphosphate synthetase (pyrA) could be selected for in clones that complemented the E. coli carB mutant. pLS1 not only complemented the E. coli carB mutant but it also complemented E. coli pyrB, pyrC, pyrD, pyrE, and pyrF mutants. A restriction map of the 10.5-kb insert in pLS1 is shown in Fig. 1 . A single KpnI restriction site was mapped in the fragment; Sall, BamHI, XbaI, and XhoI endonucleases did not cleave the insert.
A 6.3-kb EcoRI restriction fragment encoding a portion of the B. subtilis pyr cluster was previously isolated on a specialized lambda transducing phage, called Xpyr, by Chi et al. (6) . Because Xpyr has been shown to confer uracilindependent growth on E. coli pyrD, pyrE, and pyrF mutants when they are lysogenized with the phage, we tested whether the 6.3-kb EcoRI fragment in Xpyr was also present in pLS1 by Southern hybridization experiments. The results (C. G. Lerner Expression of pLSl-encoded pyrB in E. coli. E. coli TB2, which carries a pyrB deletion, was transformed with pLS1. The cells were grown in the absence of pyrimidines and harvested, and extracts were assayed (3) for aspartate transcarbamylase activity ( Table 2 ). The level of activity that was found corresponded to about 0.08% of total cell protein as aspartate transcarbamylase, which is about the same amount as that found in wild-type B. subtilis cells under the same growth conditions. Cells from a control culture of the host cells transformed with pBR322 did not produce detectable aspartate transcarbamylase. The amount of aspartate transcarbamylase produced by TB2 cells bearing pLS1 was essentially the same whether the medium contained no pyrimidines or an excess of uracil (Table 2 ). In contrast, wild-type E. coli cells were 10-fold derepressed by growth in the absence of pyrimidines. Thus, B. subtilis pyrB was expressed in E. coli cells bearing pLS1 but was not subject to normal repression by pyrimidines nor overexpressed to a significant extent in E. coli cells carrying many copies of the gene.
To confirm that the aspartate transcarbamylase produced by E. coli TB2 cells bearing pLS1 was the B. subtilis enzyme, the activity in extracts was shown to be completely inhibited by rabbit immunoglobulin G (IgG) raised against the purified B. subtilis enzyme ( Table 2 ). The same amount of antibody did not inhibit the aspartate transcarbamylase activity in an E. coli W3110 extract. Furthermore, preimmune serum did not inhibit the activity in extracts of strain TB2 bearing pLS1. These results establish further that pLS1 carries the B. subtilis pyr cluster and that it is expressed in E.
coli.
Construction of subclones of pLSl and mapping of the B. subtilis pyr cluster. The restriction maps of several subclones of pLS1 and their relation to the parent plasmid are shown in Fig. 1 . Also shown in Fig. 1 ously (9) . Plasmids pSS200 and pSS201 (Fig. 1 ) differed only in their orientation with respect to the lacZ promoter on pUC19. pSS200, which complemented pyrD, pyrE, and pyrF mutants well, carries this promoter on the pyrD side of the insert. In pSS201 the fragment is in the opposite orientation; this plasmid failed to complement pyrD and yielded very slow-growing transformants of pyrE. These results suggest that the normal direction of transcription ofpyrD, pyrF, and pyrE is from left to right in Fig. 1 . The direction of transcription of pyrB, on the other hand, is known to be from right to left in Fig. 1 (9) . Molecular weights of polypeptides encoded by the B. subtilis pyr genes. Several of the plasmid subclones shown in Fig. 1 were used to transform E. coli CSR603, which was then irradiated with UV light and used to express plasmidencoded proteins in medium containing [35S]methionine by the maxiceil procedure (4, 22) . The molecular weights of radiolabeled proteins were determined by electrophoresis (Fig. 2) and were compared with the molecular weights of the corresponding polypeptides from E. coli (Table 3) .
In addition to the polypeptides that could be clearly identified as encoded by specific pyr genes from the nature of the subclones that produced them in maxicells, a polypeptide with an Mr of 30,000 + 1,000 of unknown function was found to be encoded by the HindIII-SphI DNA fragment adjacent to pyrD (Fig. 2, lanes pLS101, pSS106, and  pSS116) .
DISCUSSION
The pyr genes of B. subtilis have been mapped previously as a tightly linked cluster lying at a map position near 135 degrees on the B. subtilis linkage map (18, 20) . In this study we confirmed that the B. subtilis pyr genes lie in a cluster, but the gene order deduced from restriction mapping and complementation of E. coli pyr mutants with subclones, pyrBCADFE, differs from that derived previously by Potvin et al. (20) from cotransformation frequencies, which was pyrACBDFE. We believe that the map in Fig. 1 , which is based on a physical map of the pyr cluster and complementation of well-characterized E. coli pyr mutants, is more Polypeptides encoded by plasmids bearing subcloned fragments of the B. subtilis pyrimidine cluster. Several plasmids, which are shown in Fig. 1 , were used to express [35S]methioninelabeled protein in E. coli maxicells. The radioactive products were analyzed by electrophoresis in a 10% polyacrylamide gel containing sodium dodecyl sulfate, followed by autoradiography (5) . The lane labeled CSR603 shows the labeled products of the host strain, which does not contain a plasmid. B. subtilis gene names given to the right of the figure indicate the positions of the encoded polypeptides. The size standards were purchased from Amersham Corp. (Arlington Heights, Ill.) as a '4C-labeled methylated protein mixture and included (in descending order of size) myosin, phosphorylase b, bovine serum albumin, ovalbumin, carbonic anhydrase, and lysozyme (not seen). Bands that are labeled pre-Bla and Bla are the precursor (Mr, 31,500) and mature (28,000) forms of ,B-lactamase, respectively (22) . reliable than a map based on cotransformation frequencies. This is especially the case since the cotransformation map was based on linkage to the rather closely spaced markers pyrE and pyrD, and the few transformation data on the locus of pyrA are consistent with either map (19) . Many of the pyr mutants used in the cotransformation map were pleiotropic (20) , so that their identification as lying in a given structural gene was uncertain.
The map deduced from this study also agrees with the arrangement of pyr genes deduced by Chi et al. (6) Xpyr. To resolve this contradiction we examined the ability of strain 168MIU-8 to be transformed by pSS100, which carries the same fragment of B. subtilis DNA as Apyr, and by pLS201, which is known from sequencing to encode only pyrB (9) . Both plasmids transformed strain 168MIU-8 to uracil-independent growth, although they did so at lower frequency than pLS1, which carries the entire pyr cluster. These results suggest that strain 168MIU-8 may actually be a double mutant in which both mutant alleles are leaky, so that transformation of either mutation to the wild type permits growth in the absence of pyrimidines. An alternative possibility is that transformation of 168MIU-8 with pSS100 occasionally induces alterations in a regulatory-promoter region that increase expression of pyrB. Whether these interpretations are correct or not, it is clear that transformation of strain 168MIU-8 does not provide unequivocal data on which to base a map position forpyrB relative to otherpyr genes.
All of the pyr genes except pyrA were localized to rather well-defined regions within the cluster. pyrA lies on a 4.5-to 5-kb segment in the center of the cluster, but only a portion (about 3 kb) of this segment encodes the pyrA structural gene, because the pyrA polypeptide has a molecular weight of about 110,000. An adjacent gene encodes a polypeptide with a molecular weight of 30,000, the function of which is unknown. Carbamylphosphate synthetase from E. coli contains two different polypeptide subunits. It is unlikely that this is the case for the pyrimidine-repressible carbamyl phosphate synthetase from B. subtilis, because the native molecular weight of this enzyme has been determined by gel filtration to be 90,000 to 100,000 (17) , which is about the size of the pyrA-encoded polypeptide. A putative open reading frame for another polypeptide was identified from its sequence, which overlapped the 3' end of the pyrB gene (9) . We were unable to detect a polypeptide encoded by this open reading frame in maxicells bearing a plasmid (pLS2) that carried this region of the pyr cluster, even though the pyrB-encoded polypeptide was detected. The functions of these polypeptides remain to be determined.
Although it is not firmly established, our results provide evidence that the pyr gene cluster is transcribed in at least two units. pyrB is transcribed in a leftward direction on the map shown in Fig. 1 (9) . The properties of subclones pSS200 and pSS201 described above suggest that pyrD, pyrF, and pyrE may be transcribed as a unit in the rightward direction. Because all six pyr genes were coordinately expressed in a series of constitutive mutants (16) , it also seems likely that such multiple transcriptional units share a commnon element in their regulation.
Many of the questions raised here concerning the exact structure of the B. subtilis pyr cluster, its units of transcriptional expression, and likely mechanisms of regulation can be best answered by DNA sequencing of the cloned cluster and Si nuclease or primer extension mapping of transcripts. Such studies are currently under way in our laboratory.
